Abstract Defect studies in subsurface zone in stainless steel 304 AISI samples exposed to sandblasting were performed using positron annihilation spectroscopy techniques. Samples were sandblasted with a different impact angle. Conventional experiments based on positrons emitted directly from the radioactive source allowed us to detect vacancies on the dislocation edges in all samples; however, the total depths of subsurface zones depended strictly on the impact angle, i.e., 35 lm for impact angle of 90°and about 12 lm for 30°. The complementary methods such as SEM and optical profilometry revealed also dependencies between the impact angle and roughness of the surface which are not observed in the variable energy positron beam examinations.
Introduction
Sandblasting is a treatment process involving bombarding the surface with small sand particles. This process is used for cleaning surfaces of metallic products but also for its decoration and improving its texture. However, similarly to other processes of surface treatment such as cutting, sliding and machining, it introduces changes in microstructure on the surface but also below in the subsurface zone (SZ) which is a layer adjacent to the surface. It is characterized by different physical and mechanical properties relative to the specimen interior. SZ represents the region exposed to elastic and plastic deformations introduced below the surface, e.g., as a result of surface treatment process [1] . The studies of SZ are usually performed using conventional engineering methods such as microhardness tests and other analytical techniques like TEM, SEM, XRD [2] . These methods provide wide characteristics; however, plastic deformations occurring during treatment generate structural defects which are largely undetected by the above-mentioned methods. Open-volume defects such as vacancies and their clusters are relatively simple to be observed using positron annihilation spectroscopy (PAS) [3] . Our previous studies have shown successful application of PAS in SZ's studies [4] .
The knowledge about impact of sandblasting on SZ's properties is still insufficient. According to the literature, the main direction of investigations is the surface characterization of dental alloys [5] . Another popular trend represents studies of nanocrystallization process caused by blasting and annealing [6] [7] [8] . The fact that sandblasting modifies the interior of a sample at a certain depth is rather seldom considered. The PAS studies revealed that this depth is significant as it was reported [3] .
Within the paper, we report studies of austenitic stainless steel grade 304 AISI exposed to sandblasting, where stream of sand was directed to the surface at various angles. Stainless steel is an important material because sandblasting produces (together with thermal treatment) a nanocrystalline layer improving surface properties [9] . Moreover, metastable austenitic stainless steels exhibiting fcc structure can be transformed to martensitic (bcc) phase by plastic deformation [10, 11] . In this way, the studies of stainless steel 304 AISI seem to be justified from practical point of view even if results presented in this paper have a basic character.
The main aim of the work is to determine the total thickness of SZ induced by sandblasting using the conventional PAS techniques for this steel. These are based on positrons emitted directly from Na-22 source in the etching experiment. The complementary methods such as the scanning electron microscopy (SEM), optical profilometry and variable energy positron beam (VEP) were also performed to characterize the changes in the surface. In particular, the usefulness of VEP in this topic was tested.
Experimental Details

Sample Preparation
Stainless steel 304 AISI samples (0.06% C, 1.0% Si, 2.0% Mn, 0.043% P, 0.015% S, 0.1% N, 17% Cr and 10% Ni) in the form of disks 5 mm thick and 10 mm in diameter were used. In the first step, specimens were annealed at 1000°C for 4 h in vacuum conditions of 10 -5 Torr. Then they were slowly cooled down to the room temperature. This procedure allowed us to obtain samples only with residual defects and in the same bulk state. One sample was saved as a reference (RF) while others were exposed to surface treatment. Sandblasting was performed using Renfert Vario Basic Jet blaster. The abrasive material Edelkorund containing 99.8% aluminum oxide (Al 2 O 3 ) with size of 50 lm was applied. The surfaces were blasted during 60 s under the pressure of 5 bar with the distance of 10 mm between the sample and a nozzle. The angle between the surface and the nozzle was equal to 30°, 45°, 60°and 90°for different samples.
Experiment Description
First, surfaces were characterized using Hitachi S-3500 N SEM equipped with EDS Noran 986B-1SPS and by optical profiler WYKO NT9300 (Veeco).
The second group of tests constituted PAS studies. The positron lifetime (LT) measurements were performed using fast-fast spectrometer based on the BaF 2 scintillators. The timing resolution equaled 250 ps. The isotope Na-22 with activity 32 lCi enveloped into two 7-lm-thick kapton foils was placed between two samples. One sample from each pair was always a reference while the second one was a sandblasted specimen. For that set, LT components were distinguished. The total number of counts in obtained spectra was about 10 6 . The deconvolution procedure was carried out by LT code [12] with the positron source correction.
Doppler spectroscopy was realized by the variable energy positron beam facility (VEP) and positrons emitted directly from the b ? source. In the first case, slow positron beam working at Joint Institute for Nuclear Research in Dubna (Russia) was used [13] . The intensity of the flux was 10 6 e ? /s, and the beam spot diameter was about 5 mm. Monoenergetic positrons with incident energy controlled in the range between 0.1 and 36 keV and energy spread *3 eV were implanted into the sample. The 2.5 9 10 5 counts in the region of 511 keV peak were registered.
Second type of Doppler broadening of annihilation line (DB) measurements was performed using encapsulated Na-22 positron source with activity of 15 lCi. The isotope was closed in the copper capsule of 5 mm in diameter and 7-lm-thick titanium window. The exit of positrons was only possible through the window according to this geometry. In this way, the radioactive source was placed in front of the detector with window directed to the top. The sample covered the window with the surface studied. Positrons were implanted in all directions giving information from the sample and the capsule. More details of the measurement setup were given in Ref. [14] . To get the depth characteristics, samples were sequentially etched in paste on the basis of hydrofluoric acid to reduce their thickness. The thickness of the sample was measured using digital microscrew with accuracy ±1 lm. After etching of about 2-lm-thick layer from each side of the sample, the DB measurement was performed. The obtained spectra contained 2 9 10 6 counts in 511 keV line. It should be noticed that the average positron implantation depth being the reciprocal value of the linear absorption coefficient [15] , it is ca. 29 lm for positrons emitted from the Na-22 source in steel. This value indicates the depth from the measured surface which is scanned by positrons in each measurement. About 63% of emitted positrons get annihilated in such depth.
All DB measurements were performed using HPGe detector with energy resolution of 1.20 keV for energy 511 keV. Each obtained spectrum was analyzed to calculate S and W parameters. The first one is given as the ratio of the area below the central part of the annihilation peak to the total area in the range of this line. The S parameter reflects annihilations with low momentum electrons taking place in defects. It is sensitive to open-volume defects like vacancies, their cluster or jogs at dislocation lines. Usually, its higher value corresponds to increase in defect concentration. The W parameter in turn is given as the ratio of area below the wing part of 511 keV line to the whole area marked by this line. This parameter represents annihilation with high momentum electrons and is sensitive to the chemical surrounding of the annihilation site. In some cases, the W parameter can point out the changes in the kind or size of the lattice defects.
Results and Discussion
The Results of the Surface Characterization
It should be noticed at first that during sandblasting we observed the reduction Dd of the thickness of the samples, as shown in Table 1 . Decreasing of Dd with increasing of the sandblasting angle is clearly visible.
The SEM micrographs of studied samples surfaces are shown on the left in Fig. 1 . The reference sample (Fig. 1a) exposes the smooth surface divided by well-marked cracks, which most likely mark grain boundaries. However, after sandblasting surfaces change definitely getting rough, as shown in Fig. 1b -e. SEM investigation does not reveal significant impact of the sandblasting angle on the surface topographies. Similar conclusions can be drawn from optical profiler images presented on the right in Fig. 1 . However, some effects were revealed after detailed calculations of quantitative roughness parameters such as S a , S sk and S ku [16] . The obtained values are collected in Table 1 .
The roughness average (S a ) represents the arithmetic mean of the absolute values of the surface departures from the mean plane. This reflects variations in the height of the surface. Any changes of this parameter come from modification in a manufacturing process. The lowest value is observed for RF. In the case of sandblasted samples, it increases from six to eight times depending on the angle. The higher the angle, the higher the rise in S a .
Skewness (S sk ) gives the asymmetry of the profile in relation to mean plane. Negative skew points out a predominance of valleys, while positive one is seen on surfaces with peaks. Smooth but covered with particulates surfaces are characterized by positive values. The presence of deep scratches or pits is exhibited by negative S sk . S sk equaled -2.34 lm for reference sample can be caused by deep grain boundaries produced during annealing. After sandblasting, higher but still negative values of these parameters are noted. Any stronger dependencies between angle and skewness are not observed.
Kurtosis
In any case, all values are higher than 3, which indicates a rough surface.
VEP Measurements Results
In Fig. 2a , dependencies of the S parameter values of measured sandblasted samples on the incident positron energy are depicted. There are typical dependencies frequently observed for this kind of material [17] . We can notice that the S parameter values decrease with energy and achieve saturation in case of all samples. The dependency for RF (black circles) stabilizes at the highest positron energy at much lower value of the S parameter. The higher values of the S parameter's saturations observed for sandblasted samples point out the presence of vacancy-type defects trapping positrons. It confirms the significant modification of the subsurface region below the surface by the sandblasting process. One can point out that directly on the surface the values of the S parameter do not differ significantly. It indicates that sandblasting does not create any new positron traps directly at the surface in comparison with the RF sample.
Any important dependencies between the S parameter profiles and sandblasting angle are not reflected. However, for energy lower than 10 keV only for the sample sandblasted at angle 30°, the obtained dependency differs from the other dependencies. Wider analysis of it, e.g., using positron diffusion equation [18] can be inconvenient because of roughness of the surfaces of treated specimens randomly oriented to the beam direction. The mean positron depth, calculated using the well-known formula: x ¼ AE n =q, where E means positron energy in keV, A = 2.62 lg cm -2 keV -n , n = 1.692 are Makhov's parameters for iron and q = 7.87 g/cm 3 is density of steel [19] is ca. 1.3 lm for the maximal positron energy, i.e., E = 35 keV. This depth is comparable to the mean roughness of sandblasted samples, i.e., about 1.5 lm presented in Table 1 . Thus, one can expect that the positron back-diffusion is disturbed and part of positrons can reach surface earlier than others. The typical solution of the positron diffusion equation does not take into account such a case. However, for the highly deformed surface as it is in the case of the sandblasting the positron diffusion length is very low, about 10 nm; therefore, this effect can be neglected [20] . The linear dependency of W(S) plotted in Fig. 2b informs additionally about the domination of only one kind of vacancy-type defects in all blasted specimens.
The Results of the Positron Lifetime Measurements
The conventional positron lifetime measurements with positrons emitted from the Na-22 source revealed only a single lifetime component, and its values for each of the samples are gathered in Table 2 . The value for the RF sample is equal to 106 ± 1 ps; similar value can be found in the literature as a bulk value in iron [4] . The component related to the sandblasted sample can be regarded as mean positron lifetime. Its higher values are observed in all treated samples revealing the existence of structural defects in SZ. The positron lifetimes range between 133 and 152 ps, which can be assigned to the positron trapping in vacancies on the dislocation edges. According to Hori et al. [21] , defects characterized by positron lifetime between 130 and 175 ps in iron are mainly vacancies bounded by dislocations. This interpretation is also in agreement with results reported by other authors [22] [23] [24] . One can notice almost linear dependency between the roughness average (S a ), as shown in Table 1 , and the measured positron lifetime for the samples studied, as shown in Table 2 . This can be related that higher roughness results in the increase in surface and subsurface deformation and in higher depth of deformation. This is confirmed in the measurements of the depth profile of the S parameter.
The Defect Depth Profile of the SZ
The depth distribution of defects induced by sandblasting was recognized in the chemical etching experiment, i.e., the sequenced removing of a layer from the treated surface and measurement of the annihilation line shape parameters. This sequential procedure allowed us to determine the depth profile in respect of the S and W parameters depending on the etched thickness, which is the depth from the surface exposed to sandblasting. The S parameter in the dependency on the etched depth (on the left) and the W(S) plot (on the right) are depicted in Fig. 3 .
The hatched region in Fig. 3 a represents the bulk value of the S parameter obtained for RF sample. For this case, the constant level of points is presumed because chemical etching itself does not introduce defects in the interior of the sample, as it was proved in our former studies [14] . In the case of sandblasted samples, the increase in the S parameter close to the surface with increase in the angle is observed. It points out the presence of open-volume defects 30°133 (1) 45°146 (1) 60°151 (1) 90°152 ( whose concentration raises with the angle increasing. In each depth profile, the S parameter almost linearly decreases with the depth increase to the bulk value which marks the end of a damaged zone, i.e., SZ. Fitting a linear function to decreasing part of each profile presented in Fig. 3a allows us to approximate the range of defect distribution. It is ca. 12, 19, 26 and 35 lm for sandblasting at 30°, 45°, 60°and 90°, respectively. Another interesting observation is a linear character of the discussed profiles. For comparison, in this kind of stainless steel the exponential decreasing was detected for dry sliding [25] . Also the exponential distribution was observed in sandblasted Mg [26] . In case of cutting, a clear character of the decay function was hard to evaluate [4] . In Fig. 3b , points of plotted W(S) lie along a straight line pointing out the independence of the size or kind of defect on the impact angle during sandblasting process.
The direct relation between the total depth of the SZ and the angle of the impact of sand stream can be linked to a change in the impact force of sand particles on the surface. Its value is maximal for the perpendicular impact and should decrease with the angle according to the sine function. The dependency of the total depth on the applied load in sliding experiment was observed many times [25] . Another parameter important for the generation of the SZ depending on the angle is the velocity with which sand particles hit the surface.
One should emphasize the effect of etching on the measured values of the S parameter is excluded. As we mentioned above, the implantation range of positrons emitted from the Na-22 source is about 29 lm and it is much higher than the average roughness S a of the surface. Additionally, as we checked experimentally S a values slightly increase to ca. 8 lm with the increase in the etched depth.
Conclusions
Sandblasting as a surface treatment process causes the increase in the surface roughness and modifies the subsurface zone by creation of a significant number of the open-volume defects. It was found that the roughness of the sandblasted surface (S a ) increases with the impact angle. The measurements performed using positrons emitted directly from the Na-22 source revealed the presence of vacancies on dislocation lines. The total thickness of subsurface zone increases with the angle from 12 lm for 30°up to 35 lm for treating perpendicularly to the surface. Positron beam tests seem to be not applicable to investigated samples. 
